The chemical species (ligands) at the surface of colloidal inorganic semiconductor nanocrystals (QDs) mediate their interactions with the surroundings. The solvation of the QDs reflects a subtle interplay between ligand-solvent and ligand-ligand interactions, which eventually compete with the coordination of the ligands at the QD surface. The QD surface coordination and solvation are indeed fundamental to preserve their optoelectronic properties and to foster the effective application of QD-based inks and nanocomposites. Here we investigate such ligand interactions by exploiting diffusion ordered NMR spectroscopy (DOSY), which is suggested as an essential complement to spectral line width analysis. To this end, we use colloidal metal chalcogenide (CdS, CdSe, and PbS) QDs with (metal-)oleate ligands at their surface in several solvents exhibiting different viscosities and polarities. We demonstrate that the ligand shell is dynamically bound to the metal chalcogenide QDs, and is thus in equilibrium between the QD surface and the surrounding solvent. Such dynamic equilibria depend on ligand-solvent interactions, which are more prominent in aliphatic, rather polar solvents that favor the solvation of the ligands and, as a consequence, their displacement from the QD surface. In addition, the ligand-ligand interactions, which are more relevant for larger QDs, contribute to the stabilization of the ligand bonding at the QD surface. Fig. 2 The 1 H-NMR spectra of air-equilibrated 0.1 mM solutions of ME QDs with diameter z 3 nm in (a) toluene-d8 and (b) CDCl 3 .
Introduction
Surfacesand interfacesare intrinsically important at the nanoscale. Colloidal inorganic semiconductor nanocrystals (QDs) are remarkable examples of materials in which surfaces may signicantly affect structures and properties. [1] [2] [3] Amongst inorganic semiconductors, metal chalcogenides (ME) are, probably, the most investigated nanomaterials. As-synthesized colloidal ME QDs are commonly conceived as metal-rich inorganic cores coordinated by electron donor organic amphiphilic molecules (the X species in QDs with the general chemical formula [M m E n ]X 2(mÀn) ) or, alternatively, as stoichiometric inorganic cores coordinated by electron withdrawing metal complexes (MX 2 in QDs with the chemical formula [ME] n (MX 2 ) mÀn ). [4] [5] [6] The X (anionic) species and MX 2 (neutral) metal complexes are expected to coordinate {111} metal-rich and {100} stoichiometric facets, respectively, which are the relevant termination of ME QDs with cubic crystal structure. In any case, the ligand shell guarantees overall charge neutrality and balance of the QDs and confer them colloidal stability. [7] [8] [9] [10] With this work, we contribute to the description of the subtle balance between ligand-solvent, ligand-ligand, and ligand-core interactions in ME QDs (specically, CdS, CdSe, and PbS) with an expected cubic crystal structure and bearing (metal-)oleate ligands at their surface. To this end, we used nuclear magnetic resonance spectroscopy to infer, from spectral line widths and diffusion coefficients determined by diffusion ordered spectroscopy measurements, [11] [12] [13] the ligand interactions with the solvent, with other ligands, and with the QD surface. We found that ligands at the surface of ME QDs undergo dynamic equilibria with the surroundings; this nding is valid for all the inorganic semiconductors investigated here, albeit the lability of PbS QDs appears as more pronounced than that of CdE QDs. Aliphatic solvents effectively solvate the ligand shell, although rather polar solvents, such as chloroform and dichloromethane, markedly shi the equilibria towards dissociated ligands and cores. Aromatic solvents are, instead, excluded from the ligand shell. In addition, the larger the QDs, the tighter the ligand shell, thus yielding less labile nanostructures. These ndings support a conception of colloidal QDs (which can be extended to metal chalcogenides) as dynamic chemical species, with surface structure and composition that depend on the surroundings.
Experimental section

Materials
All chemicals were of the highest purity commercially available unless otherwise noted and were used as received; a complete list is reported in the ESI. †
Material synthesis
Colloidal ME QDs were synthesized according to slightly modied 14 well-established procedures [15] [16] [17] in a three-neck ask connected to a standard Schlenk line setup under oxygen-and water-free conditions; detailed synthetic and purication procedures appear in the ESI. †
Material characterization
1 H Nuclear Magnetic Resonance (NMR) measurements were performed with a Bruker Avance spectrometer operating at 700 MHz equipped with a Cryo-Probe optimized for 1 H observation; optical absorption was recorded with a Varian Cary 5000 UV-Vis-NIR spectrophotometer; Transmission Electron Microscopy (TEM) images were recorded with a Jeol Tem 1011 microscope operated at an accelerating voltage of 100 kV. Details are reported in the ESI. †
Results and discussion
Identifying species at the QD surface NMR spectroscopy represents a powerful tool to investigate the surface of colloidal QD dispersions. 10, 11, [18] [19] [20] The proper, albeit inherently empirical, purication of as-synthesized QDs allows NMR spectra to be acquired in which the resonances of the nuclei constituting the organic species at the QD surface are clearly recognizable. In this work, we used colloidal ME QDs, namely CdS, CdSe, and PbS QDs. These colloidal QDs were synthesized upon hot-injection of E precursors in 1-octadecene solutions of M-oleate complexes (see ESI † for details of the synthetic procedures). [15] [16] [17] Therefore, oleic acid was the only amphiphilic reagent used in the syntheses as it is capable of coordinating the QD surface (with the exception of PbS QDs with a diameter below 2 nm; see ESI †). This constraint in the synthetic procedures permits to reduce the complexity of the investigated systems. We remark that, despite controversies on the presence of hydroxyl anions at the PbE QD surface, 9, 12, 21, 22 only one oleate ligand per excess Pb atom is commonly found in PbE QDs, 4, 7, 9, 12 whereas Cd-(oleate) 2 is expected to be at the surface of CdE QDs. 5, 20 Therefore, the X species in QDs with the chemical formula [ME] n (MX 2 ) mÀn generally refers to anionic ligands. To identify species at the QD surface, the 1 H-NMR spectrum of PbS QDs was compared with the components of the ligand shell (i.e., the X species, which we represented by the oleic acid reagent, and the MX 2 metal complexes, represented by the Pb-oleate precursor). The NMR spectra shown in Fig. 1 were recorded in toluene-d8 and CDCl 3 , probably the most common solvents used to disperse the QDs, which display similar viscosities (0.560 and 0.537 mPa s at 20 C, respectively) but different polarities (hereaer associated with the relative permittivities, which are 2.38 and 4.81, respectively). 23 First of all, we observe that the NMR spectra do not show features related to 1-octadecene, i.e. the solvent used in the QD synthesesand in the preparation of the Pb-oleate precursor. As a general consideration, the spectral features of PbS QDs in toluene-d8 are downeld shied (by z0.3 ppm) and broader (by almost an order of magnitude) than those of the mere ligands ( Fig. 1a ). The line broadening peculiar to QD ligands is commonly attributed to the reduced rotational degrees of freedom of surface bound species, increasing the spin-spin relaxation time constant (T 2 ) that is inversely proportional to the spectral line width (Dn ¼ 1/pT 2 ). In addition, it is worth noting that the methylene protons close to the carbonyl group (namely, the a and b protons) shi remarkably downeld when bound either to the Pb cation or to the QD surface, which is mainly attributed to the deprotonation of carboxylic acids and the lack of hydrogen bonding. 12, 24, 25 Narrow resonances that are slightly upeld shied compared to the main peaks are absent in the NMR spectra of the QDs (this is particularly evident in the vinylene region in which signals are not overlapped with other resonances). This accounts for properly puried samples in which unbound ligands had been efficiently removed upon purication (which was pursued by repeated precipitation with a non-solventmethanoland redispersion in a good solventtoluenebefore transfer in the relevant deuterated solvent). In CDCl 3 , instead, the spectral features of the oleyl moiety bound at the QD surface are similar to those of the model oleic acid and Pb-oleate species, whereas they show narrower signals compared to toluene-d8 ( Fig. 1b) . Hence, the role of the solvent in the NMR features of PbS QDs is clearly highlighted in Fig. 1 .
A comparison between colloidal metal chalcogenide QDs
We deemed it worthwhile to compare the behavior of different ME QDs. The 1 H-NMR spectra of colloidal ME QDs having similar diameters (z3 nm) are shown in Fig. 2 (Fig. S1 -S3 † show the absorption spectra and TEM micrographs of these QDs). Colloidal CdE QDs in toluene-d8 show appreciably broader resonances compared to PbS QDs (Dn z 70-100 Hz for the vinylene protons of CdE QDs and Dn z 50 Hz for PbS QDs). This is a common experimental observation, 12, 13 which may be tentatively related to the synthetic conditions: indeed, CdE QDs were synthesized at temperatures above 250 C, 15, 16 whereas the syntheses of PbS QDs were conducted at 110 C. 17 Such high temperatures could have promoted the isomerization of the vinylene moiety leading to a mixture of oleic and elaidic acids (the cis and trans isomers, respectively, of 9-octadecenoic acid) that may broaden the corresponding peak (d z 5.5 ppm) and the nearby methylene protons (referred to as x protons in Fig. 1 ; d z 2.2 ppm). 26 Another possible contribution to line broadening may also come from a heterogeneous distribution of bound ligands, which may be more pronounced in CdE QDs compared to PbS QDs. Nevertheless, homogeneous broadening, which is related to the solvation of the ligand shell, provides signicant contribution to the observed spectral line widths. Indeed, the vinylene resonances, which account for the inner ligand shell, are broader by a factor of up to about 5 than the terminal methyl resonances, which account for the outer ligand shell (d z 1.0 ppm; Dn z 30-40 Hz for CdE QDs and Dn z 10 Hz for PbS QDs in toluene-d8). The homogeneous broadening is particularly exacerbated for a protons (d z 2.7 ppm), whose proximity with the QD surface usually leads to barely detectable resonances. 27 However, a protons can be clearly observed in PbS QD spectra (Dn z 100 Hz), whereas they are markedly broadened and downeld shied in CdE QDs. In analogy with previous ndings, 12 much broader resonances are observed in toluene-d8 compared to CDCl 3 . In this regard, CdE QDs in CDCl 3 are characterized by line widths (Dn z 50 Hz for the vinylene protons) that are similar to those of PbS QDs in toluene-d8, as also previously reported. 13 Markedly narrower resonances are, instead, commonly observed for PbE QDs in CDCl 3 (Dn z 10 Hz for the vinylene protons of small PbS QDs). 22, 28, 29 Such an evident discrepancy highlights substantial differences between CdE and PbE QDs, which may be related to the inorganic core composition and to the ligand interactions with the QD surface that contribute heterogeneous broadening to the spectral line width. The reliability of measured line width values is corroborated by batch to batch reproducibility of the NMR spectra of PbS QDs in toluene-d8, as shown in Fig. S4 . †
Solvent dependence of NMR spectral features
Here, we suggest that the spectral line width indirectly accounts also for the ligand-ligand interactions, which occur simultaneously with the ligand-solvent interactions. Indeed, spectral line broadening, which is inversely proportional to the rotational degrees of freedom of the ligands themselves, may provide information on the overall ligand surroundings, i.e., both the solvent and adjacent ligands. 5, 10, 12, 13 With the aim of investigating such ligand interactions with the surroundings, we recorded 1 H-NMR spectra of the colloidal ME QDs in several solvents displaying different viscosities and polarities. We used two apolar solvents such as hexane-d14 and toluene-d8 (3/3 0 values are 1.89 and 2.38, respectively) with different viscosities (h values are 0.300 and 0.560 mPa s, respectively) and compared them with rather polar solvents such as dichloromethane-d2, chloroform-d, and dichlorobenzene-d4 (3/3 0 values are 8.93, 4.81, and 10.1, respectively) with different viscosities (h values are 0.413, 0.537, and 1.32 mPa s, respectively). 23 We note that data collected in dichloromethane-d2 should address eventual issues related to the possible acidity of chloroform-d. The corresponding 1 H-NMR spectra are shown in Fig. 3 .
With the expectation that an effective ligand solvation may lead to the eventual displacement of such ligands from the QD surface, we also used diffusion ordered NMR spectroscopy (DOSY) to probe the diffusion of the ligands in the aforementioned solvents. 30 On this basis, such measurements provide insights on the ligand interactions with the QD surface, thus complementing information obtained by spectral line width analysis. The Stejskal-Tanner plots 31 obtained from DOSY measurements for the colloidal ME QD dispersions in the ve different solvents are also shown in Fig. 3 . Such plots yielded the diffusion coefficients of the ligands in the colloidal QD dispersions, thus permitting to estimate, by means of the Stokes-Einstein equation, the QD solvodynamic diameters (d solv ). 32 We note that the vinylene resonances (the inner ligand shell) and the terminal methyl resonances (the outer ligand shell), although showing drastically different line widths, diffuse with the same coefficients with the pulsed eld gradient strength (decays of both vinylene and methyl intensities in toluene-d8 and chloroform-d are shown in Fig. S5 †) . At rst glance, it is evident that both toluene-d8 and dichlorobenzene-d4, the only aromatic solvents employed in this work, yielded broader, more downeld shied resonances and slower diffusion than the other solvents ( Fig. 3) . As opposed, the aliphatic solvents, namely dichloromethane-d2, chloroform-d, and hexane-d14, yielded rather narrow resonances. In addition, only the latter, apolar solvent, presented a monoexponential decay of the vinylene intensity with the pulsed eld gradient strength. Both dichloromethane-d2 and chloroform-d instead showed biexponential decays ( Fig. 3) . However, the measured diffusion coefficients and, consequently, the apparent solvodynamic diameters show values (d solv ¼ 1.8 and 4.0 nm, respectively, for PbS QDs in dichloromethane-d2) smaller than those expected for tightly bound ligands (i.e., close to the sum of the QD core and the ligand shell; we indeed measured in toluene-d8, d solv z 5.1 nm). We suggest that such values are affected by ligand desorption dynamics, i.e. ligands at the QD surface undergo dynamic equilibrium with the surroundings. Such dynamic equilibrium may occur on time scales comparable with those of the DOSY experiments (100 ms), thus resulting in ligand desorption kinetics faster than 10 s À1 . The 1 H-NMR spectra and the Stejskal-Tanner plots for large PbS QDs (i.e., with diameter of z5 nm, thus larger than the QDs shown in Fig. 3 ) in different solvents are shown in Fig. S6 . † These lines of experimental evidence qualitatively support the general character of the solvent dependence of both line widths and diffusion coefficients discussed above. Moreover, DOSY measurements performed on these large PbS QDs show that a fast diffusing component observed in dichloromethane-d2 at 22 C is, instead, not observed at low temperature (i.e., at 0 C), yielding a single diffusing species with a coefficient that approaches the value measured in toluene-d8 at 22 C (Fig. S7 †) . The monoexponential decay observed in dichloromethane-d2 at 0 C corroborates the notion of dynamic equilibria involving ligands at the QD surface. We speculate that the labile surface species are mainly the M-oleate complexes, which coordinate the stoichiometric facets of the colloidal ME QDs. Indeed, oleate displacement from metal-rich facets would require protonation of such ligands leading to charge neutral species; in addition, previous experimental and theoretical studies concur in attributing a lower thermodynamic stability to M-oleate ligands, 12, 20, 33, 34 which is related to the ratio of adsorption/ desorption kinetics. Given the very similar diffusion observed for all ME QDs in toluene-d8, the ligand dynamic equilibria appear to be more prominent for PbS QDs compared to CdE QDs, as evinced from the Stejskal-Tanner plots of ME QDs in dichloromethane-d2 at 22 C (Fig. S8 †) . Therefore, we suggest that NMR measurements that combine both spectral line widths and diffusion coefficients, performed on colloidal ME QD solutions in different solvents, can be exploited to infer the ligand interactions with the surroundings: i.e., the ligand interactions with (i) the solvent and the concomitant ligand interactions with (ii) adjacent ligands and with (iii) the QD surface.
The information contained in the 1 H-NMR spectra and the Stejskal-Tanner plots shown in Fig. 3 can be resumed in the plots displayed in Fig. 4 , in which the vinylene peak line width and the apparent ligand shell thickness (determined from the solvodynamic diameter of the QDs) are reported as a function of the solvent viscosities and relative permittivities. We remark that the apparent ligand shell thickness values determined in CDCl 3 and CD 2 Cl 2 were obtained by considering the ME QD solvodynamic diameter as the weighted mean of the two values (based on the pre-exponential factors) found in the biexponential Stejskal-Tanner plots (which are reported, along with the other values, in Table S1 †).
In the same solvent, colloidal PbS QDs showed markedly narrower resonances compared to CdE QDs. For QDs with the same core composition, aliphatic solvents (C 6 D 14 , CDCl 3 , and CD 2 Cl 2 ) yielded narrower resonances compared to the aromatic solvents (C 6 D 5 CD 3 and C 6 D 4 Cl 2 ). Data on the apparent ligand shell thickness, instead, provide information that cannot be gathered from line width measurements. 13 In this case, no remarkable dependence on QD composition was observed. Indeed, negligible values of the apparent ligand shell thickness were obtained for all the colloidal ME QDs in aliphatic, rather polar solvents (such as CDCl 3 and CD 2 Cl 2 ). In addition, the apparent ligand shell thickness for ME QDs in either aromatic or apolar solvents (C 6 D 14 , C 6 D 5 CD 3 , and C 6 D 4 Cl 2 ) showed similar values, which are rather comparable with, or slightly lower than, the length of the ligand oleyl moiety.
Size dependence of NMR spectral features
To assess an eventual dependence on QD diameter for the ligand interactions with the surroundings, we measured the 1 H-NMR spectra of PbS QDs of different sizes ranging between z2 and 7 nm (shown in Fig. 5 ). For any given 1 H-NMR spectrum, the inner vinylene resonances were broader than the terminal methyl resonances, thus reecting the penetration in the ligand shell by solvent molecules. As discussed above, much broader resonances were observed in toluene-d8 compared to CDCl 3 for QDs of the same batches. In addition, it can be clearly observed that the line broadening increased with the QD diameter, which was also accompanied by a downeld shi that was particularly evident in toluene-d8.
The information gathered from line width and diffusion coefficient measurements on PbS QDs of different diameters can be resumed in the plots shown in Fig. 6 . In agreement with previous studies determining that the heterogeneous line broadening, which is related to the intrinsic heterogeneity of (ligands at) the QD surface, can be considered almost size independent, 13 the observed increase of the total line width with the QD size ( Fig. 6a) can be ascribed to reduced ligand-solvent interactions in large QDs. This suggests that larger QDs bear a ligand shell that is more compact than that of smaller QDs, consequently hindering the penetration of solvent molecules. A tight ligand shell may imply signicant ligand-ligand interactions. In analogy with the ndings on the line width, also the apparent ligand shell thickness displayed an appreciable increase with the QD size (Fig. 6b) . Such an increase of the apparent ligand shell thickness with the QD size was observed in different solvents ( Fig. 6b ; again, the apparent ligand shell thickness values measured in CDCl 3 and CD 2 Cl 2 were obtained by considering the ME QD solvodynamic diameter as the weighted mean of the two values found by biexponential tting; corresponding values are listed in Table S2 †). These lines of experimental evidence further support the attribution of a tight ligand shell to large QDs in either apolar or aromatic solvents. Such an attribution is based on the evidence that larger QDs show larger facets bearing more ligands per facet compared to smaller QDs, with a proportionally less relevant contribution from edges and vertexes. This may lead to a consequent increase of the number of adjacent ligands fostering ligandligand interactions at the expense of the ligand-solvent interactions. This argument holds regardless of the controversial size dependent ligand coverage esteems: we previously reported on a ligand coverage that increases with QD diameter, 12 whereas the opposite dependence was also reported. 13 Nevertheless, a tight ligand shell results in more thermodynamically stable and, most likely, less kinetically labile coordination of ligands at the QD surface. In addition, it may result that the reduced ligand-solvent interactions may favor the ligand-core interactions. This is supported by the slight size dependent increase of both the line width and the apparent ligand shell thickness in aliphatic, polar solvents, such as chloroform-d.
Conclusion
Here we have demonstrated that the (metal-)organic chemical species at the surface of colloidal metal chalcogenide QDs undergo dynamic equilibrium with the surroundings. This observation relies on the analysis of 1 H-NMR spectral line widths and diffusion coefficients of the oleyl moieties that constitute the ligand shell of CdS, CdSe, and PbS QDs. Such an analysis permits to infer the interactions of the ligands with the surrounding species, i.e., the solvent, the adjacent ligands at the QD surface, and the inorganic core to which the ligands are bound. We suggest the use of DOSY as a powerful tool to complement the information gathered from spectral line width analysis. Indeed, the line width can barely be related to ligands that are highly dynamically bound at the QD surface, whereas the measurement of the apparent diffusion coefficients may uncover the presence of chemical species in fast exchange between the QD surface and the solvent. Our study thus fosters the notion of colloidal QDs as nanostructures whose components, the ligands and the core, are not statically bound, but in dynamic equilibrium with the surroundings.
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